Abstract. dialysis is the single most important therapy for chronic kidney disease. However, protein adsorption onto hemodialysis membranes promotes clot formation. The aim of the present study was to develop a surface-modified membrane which suppresses protein adsorption. using plasma polymerization, hydrophilic n-vinyl pyrrolidone (VP) and acryloyl morpholine (acMo) were polymerized on hydrophobic poly(vinylidene fluoride) (PVDF) surfaces. PVDF is employed as a biomaterial owing to its extraordinary durability. These membranes were then characterized using static contact angle measurement, ATR-FTIR spectra and polyacrylamide gel electrophoresis. The surface-modified PVDF membranes showed a transition of the surface from relatively hydrophobic to hydrophilic. less proteins were adsorbed on the VP and ACMO grafted PVDF surfaces than on the unmodified membrane and the commercially available hemodialysis membrane. In conclusion, VP and ACMO grafted PVDF membranes have a high potential for the inhibition of protein adsorption in high-performance hemopurification devices.
Introduction
The improvement of membranes used for the treatment of chronic kidney disease is an important issue (1) . The ideal surface of an artificial blood purification membrane requires hemocompatibility and durability with high performance; such membranes should not adsorb any proteins or cells, but should still have high permeability for the desired range of solute sizes. recently, dialysis membranes have undergone continuous evolution. Their basic structure has been modified to improve the biocompatibility profile of the material and of membranes based on synthetic polymers (2, 3) . cellulose membranes, used commonly as hemopurification membranes, contain hydroxy groups, which induce leukocyte activation and enhance inflammation (4) . Synthetic polymers used in hemopurification are predominantly hydrophilic and adsorb most proteins. This adsorption also induces inflammation and/or clot formation (5) . in addition, protein adsorption to the hemopurification membrane not only leads to leukocyte activation, but also decreases permeability and reduces membrane performance. Therefore, synthetic polymers require continuous improvement in terms of hemocompatibility, with enhanced suppression of protein adsorption and clot formation. To improve the anti-fouling property of hemopurification membranes, researchers have developed various strategies that may control hydrophilia in hydrophobic synthetic polymer materials at the structural and surface-active levels (6) (7) (8) .
commercially available hemodialysis membranes, such as polysulfone membanes, are based on hydrophilic materials, with some suppression activity on protein adsorption. a potential problem involving these commercially available membranes is their durability. To avoid this problem and yet decrease protein adsorption, we modified the surface of a membrane made of hydrophilic poly(vinylidene fluoride) (PVDF), which has higher heat and chemical stability than polysulfone, as the base of a hemopurification membrane. PVDF is commonly used as a biomaterial due to its non-toxicity and extraordinary durability (7). Hydrophobic PVDF membranes are not capable of suppressing protein adsorption to their surface; however, we hypothesized that a surface-modified PVDF membrane might effectively prevent protein adsorption. Thus, we introduced three types of hydrophilic monomers to the PVDF surface: n,n-dimethylacrylamide (dMaa), n-vinyl pyrrolidone (VP) and acryloyl morpholine (acMo). dMaa has been commonly used as a biomaterial for contact lenses (9, 10) , VP is a typical biomaterial (11, 12) and acMo has a VP-like structure (13, 14) . These monomer chains were introduced by plasma polymerization, a technique that has been widely used for the surface modification of polymers as it involves localized surface treatment and does not change the bulk properties of the polymer (7).
In this study, three surface-modified high-polymer membranes were evaluated for their protein adsorption characteristics and use as a hemopurification membrane device. Our results reveal the possibility of a new hemopurification membrane.
Materials and methods
Introduction of hydrophilic monomers to the membrane surface and measurement of water contact angles. all solvents and reagents, unless otherwise specified, were purchased from Wako Junyaku (osaka, Japan) at the highest purity grade. PVDF hollow fiber membranes with an internal diameter of 0.75 mm and an external diameter of 1.3 mm were obtained from Asahi Chemical Corp. (Osaka, Japan). PVDF hollow fiber membranes were exposed to Ar plasma (10 min, 20 W), and a hydrophilic monomer gas (dMaa, VP or acMo) was introduced to the membrane surface for 60 min. Membranes were washed with milli-Q water, then dried in a vacuum for 6 h. Subsequently, the amount of the introduced monomer (mg/mm 2 ) was calculated from the difference between the dry weight of each hollow fiber membrane before and after the introduction of each monomer. The surface area per 10 mm of the PVDF hollow fiber membrane, 64 mm 2 , was used as a reference. The grafted hydrophilic monomer was verified using attenuated total reflection fourier transform infrared (ATR-FTIR) spectroscopy (MIRacle™ Single Reflection HATR, Pike Technology, WI, uSA). For water contact angle analysis, we introduced three types of hydrophilic monomers to the PVDF flat-sheet membranes (Millipore, CA, uSA), as well as those mentioned above. The surface of the modified PVDF flat-sheet membrane was characterized by means of the static contact angle measurements.
Evaluation of protein adsorption using proteomic analysis. a polysulfone-membrane dialyzer (also known as APS™) was used as the control hollow fiber membrane (15, 16) . Polysulfonemembrane dialyzers with an internal diameter of 0.2 mm were obtained from asashi kasei Medical co. ltd. (Tokyo, Japan). The three types of surface-modified PVDF membranes and the polysulfone-membrane dialyzer were arranged in the same surface area of 64 mm 2 . The PVDF hollow fiber membranes and the polysulfone-membrane dialyzer were cut at 10 and 45 mm, respectively. each hollow fiber membrane was immersed in 20 µl of human whole blood derived from healthy volunteers at 37˚C for 1 h. ethylenediaminetetraacetic acid (edTa) was used to suppress blood clot formation. after the membranes were washed with phosphate-buffered saline (137 mM nacl, 2.7 mM kcl, 1.5 mM kH 2 Po 4 and 8.1 mM naHPo 4 ), total protein was extracted using 20 µl extraction buffer {0.1 M 2-mercaptoethanol, 0.5% 3-[(3-cholamidopropyl) dimethylammonio]-1-propanesulfonate (cHaPS), 10% glycerine, 1 mM eGTa, 1 mM Mgcl 2 and 0.1 M Tris-Hcl pH 7.5}. Half of the extracted protein was separated using sodium dodecyl sulfate polyacrylamide gel electrophoresis (SdS-PaGe) with 5-20% gradient polyacrylamide gel (atto, Tokyo, Japan) and was stained with coomassie brilliant blue (Bio-rad, Hercules, ca, uSa). each signal was detected using a charge-coupled device camera in a Versadoc 4000 System (Bio-rad).
Protein signals on the stained polyacrylamide gels were excised and digested with 0.4% (w/v) trypsin overnight. The digested peptides were detected using a matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF MS, Axima ® -CFR plus; Shimadzu, Kyoto, Japan). database searches were carried out using the Mascot Search engine in Matrix Science (http://www.matrixscience. com/) (17) .
Results
Introduction of hydrophilic monomers to the membrane surface and measurement of water contact angles. Fig. 1 shows a schematic illustration of surface modifications by graft copolymerization of each monomer. The ATR-FTIR spectrum of the DMAA grafted PVDF membranes showed the characteristic c=o stretching band of the amide group derived from the DMAA monomer, which was not observed in the unmodified PVDF membrane or the PVDF membrane after plasma treatment (Fig. 2) . The ATR-FTIR spectra of the VP and ACMO grafted membranes had similar wavelengths as the respective monomer origins (Fig. 2) .
Compared with the unmodified PVDF hollow fiber membrane, the dry weights of the dMaa (n=5), VP (n=5) and acMo grafted (n=4) membranes increased by 47.5±3.9, 7.4±1.7 and 14.6±2.4 µg/mm 2 , respectively. The static contact angles of the dMaa, VP and acMo grafted membranes were 18±2.9, 24±2.1 and 29±7.3°, respectively. compared with the unmodified PVDF membrane with a contact angle of 84±2.5°, all surface modifications led to an increase in wettability with water. These data are the means of three measurements. Fig. 3 shows the adsorption of plasma protein to the surfacemodified membranes. The amount of protein adsorption on the unmodified PVDF, Ar plasma-treated, DMAA grafted PVDF, VP grafted PVDF, ACMO grafted PVDF and polysulfone (aPS) membranes was 40.9±6.6, 54.1±7.7, 49.3±8.7, 17.5±4.6, 18.3±3.5 and 68.7±5.0 µg, respectively. These data are the means of three independent experiments. The amount of protein adsorbed onto the VP and ACMO modified surface was markedly decreased compared with that adsorbed onto the unmodified surface (p<0.05), whereas the amount of protein adsorbed onto the DMAA modified surface was unchanged. The VP and ACMO grafted PVDF surfaces exhibited less protein adsorption than the commercially available hemodialysis membranes, such as the polysulfone-membrane dialyzer (p<0.05).
Evaluation of protein adsorption using proteomic analysis.
Three proteins adsorbed to the surface of the membranes used in this study were identified. These were transferrin at 79 kda, serum albumin at 68 kda and carbonate dehydratase at 28 kDa. VP and ACMO grafted PVDF hollow fiber membranes suppressed the adsorption of all the identified proteins. Identified proteins that could have resulted from artifacts were excluded, since triplicate experiments based on independent membranes yielded consistent results.
Discussion
In the present study, we confirmed the introduction of monomers to PVDF surfaces by ATR-FTIR, as well as the transition of the PVDF surface from relatively hydrophobic to hydrophilic by a decrease in the static contact angle on the surface-modified membrane. Hydrophilicity was expected to be significantly reduced for the modified surfaces. Analysis of the contact angles confirmed this prediction, and also confirmed that the static contact angles were different due to differences in the grafted monomers. of the three types of hydrophilic monomers used, the static contact angle was markedly decreased for dMaa. However, the dMaa grafted PVDF did not exhibit the suppression of protein adsorption, whereas the dMaa grafted surface showed greater hydrophilicity than the VP and acMo grafted surfaces. adsorption of proteins occurs on a variety of solid-liquid interfaces. In many instances, protein adsorption results in undesirable effects, such as surface-induced clot formation, due to the adsorption of plasma proteins or the fouling of membranes used in food and beverage processing (18) . although various factors affect protein adsorption, the surface chemistry of the substrate has been extensively studied using a variety of surface modification techniques, with the goal of reducing protein adsorption. For instance, previous studies have demonstrated that the increase in the swollen area caused by dMaa on copolymers enhances albumin adsorption (10, 19) . our results are in close agreement with those of de Queiroz et al (10) , who revealed that dMaa increases albumin adsorption. Moreover, in our study the DMAA grafted PVDF membrane not only adsorbed serum albumin, but also showed the adsorption of other proteins, such as transferrin and carbonate dehydratase. in contrast, both the VP and ACMO grafted PVDF effectively prevented protein adsorption. it is of interest that the amount of protein adsorption differed among the three types of monomer grafted membranes, while these membranes had similar hydrophilic ability. We also confirmed that a decrease in the amount of monomer grafted onto each PVDF surface (for example, VP or ACMO grafted for 2 min) did not influence the amount of protein adsorption (data not shown). For surface-modified PVDF membranes, these results indicate that the characteristics of the monomer grafted to the membrane surface play a more important role in protein adsorption than the amount of monomer grafted or hydrophilic ability. infrared spectrum of each monomer with a c=o stretching band in a vinyl group and a c=c stretching band in an amide group. dMaa, VP and ACMO grafted PVDF: infrared spectrum of each grafted PVDF hollow fiber membrane. Ar plasma treatment: infrared spectrum of PVDF hollow fiber membrane with Ar plasma exposure. unmodified PVDF: infrared spectrum of unmodified PVDF hollow fiber membrane. Figure 3 . Adsorption of protein in whole blood onto surface-modified membranes. M, protein size maker; unmodified PVDF, unmodified PVDF hollow fiber membrane; Ar plasma treatment, PVDF hollow fiber membrane with Ar plasma exposure; DMAA grafted PVDF, DMAA grafted PVDF hollow fiber membrane; VP grafted PVDF, VP grafted PVDF hollow fiber membrane; ACMO grafted PVDF, ACMO grafted PVDF hollow fiber membrane; polysulfone, polysulfone-membrane dialyzer; serum protein, serum in whole blood with edTa.
VP and ACMO grafted PVDF hollow fiber membranes demonstrated stronger suppression of protein adsorption than commercially available hemodialysis membranes, such as polysulfone-membrane dialyzer. The amount of protein adsorption onto the VP and ACMO grafted PVDF membranes was suppressed by one-fourth compared with that adsorbed onto the commercially available hemodialysis membranes (17.5±4.6 and 18.3±3.5 vs. 68.7±5.0).
all the detectable proteins adsorbed onto the VP and ACMO grafted PVDF membranes had similar molecular weights as plasma protein. Thus, it is unlikely that VP and acMo membrane adsorption excluded plasma protein. Based on these results, it is unknown whether the two modified membranes would be as effective as commercially available hemodialysis membranes when put into actual use. However, we suggest that the suppression of protein adsorption using VP or ACMO grafted PVDF membranes may offer new treatment approaches for the control of hemopurification.
our observation of a relationship between the type of monomer and protein adsorption may serve as an important model for the improvement of hemodialysis membranes, and may provide novel strategies to enhance hemopurification.
